Liquid scintillation counting (LSC) is widely used in the field of radiation measurements. Some main developments in the application of LSC in our laboratory have been introduced briefly in this paper. These developments include: the use of LSC alone to determine 152 Eu and 241 Am simultaneously instead of using the common spectrometry, and the use of LSC in combination with or spectrometry in various cases. All these developments expand the applications of LSC, which can lead to significant increase in production of radioactive measurement work. In addition, we have discussions about several issues which are very important to LSC application, i.e. the quenching effect on / discrimination, the influences of anticoincidence shield on count rates for various kinds of radionuclides, the effect of statistical fluctuations in external standard spectrum on quench index parameter, and the long-term stability on basic performances of LSC cocktails.
Introduction
Liquid scintillation counting (LSC) is widely used in the field of radionuclide metrology, because of its numerous advantages: high counting efficiency, which is close to 100% for particles, high-energy (E max > 200 keV) particles or mono-energy (>50 keV) electrons under low quenched conditions; simple and rapid preparation of samples; and capability to determine and emitters simultaneously; etc. On the other hand, as any kind of other analysis methods, LSC cannot be expected to solve all radioanalytical problems. For example, LSC is not suitable to distinguish mixed emitters because of its poor energy resolution for emitters. In order to increase the production of our radioactive measurement work, by making best use of LSC's advantages and bypassing its disadvantages, we have developed some new applications of LSC, the details of which have already been reported in references [1] [2] [3] [4] [5] [6] [7] . This paper is the brief collection of these new applications and several related issues, which is intended to help other laboratories in developing radioanalytical methods or to set up similar studies.
Related issues
Before the introduction of the new applications, it is necessary to discuss several issues which are very important to LSC application. [1, 2] As the most important factor responsible for reduction in counting efficiency of a given sample/cocktail mixture, quenching must be considered for LSC. For Quantulus 1220, which is the LSC analyzer frequently used in our studies, quenching is quantified with the parameter SQP(E). The SQP(E) is defined mathematically as the channel number of the external standard spectrum, above which 1 % of total intensity of the spectrum is found; when quenching increases in the sample, the SQP(E) decreases. Quenching not only results in the reduction of counting efficiency, but also has impact on / discrimination. The / discrimination is carried out with the function of pulse shape analysis (PSA), which discriminates from radiations and directs them separately into -or -multi-channel analyzers (MCA). The discrimination results vary with the PSA parameter, which can be set between 1 and 256. The optimum PSA parameter and misclassification ratio at the optimum can be determined by the generation of crossover plot (Fig. 1) . The misclassification ratio is defined as: for emitters, count rates in -MCA divided by count rates in -MCA+ -MCA; for emitters, count rates in -MCA (here the counting window is only the region of interest for the peak) divided by count rates in -MCA+ -MCA. It is shown in Fig. 2 that the increase of quench level or the decrease of SQP(E) leads to the decrease of optimum PSA and the increase of misclassification ratio.
Quenching effect and / discrimination
1.E-05
1.E-04
1.E-03
1.E-02
1.E-01 2.2. Anticoincidence shield and background [1, 3] Quantulus 1220 is equipped with anticoincidence shield (or called guard detector). As shown in Table  1 , the anticoincidence shield can effectively reduce the backgrounds. The anticoincidence shield not only reduces the backgrounds, but also has different influences on the count rates of different radionuclides. 
The effect of statistical fluctuations in external standard spectrum on quench index parameter [1,2]
Quench index parameter, which is SQP(E) for Quantulus 1220, is very important for quench correction. In the case of low level counting, the influence of statistical fluctuations in external standard spectrum on the SQP(E) can be ignored; but for high level counting, the influence should be in consideration (Fig. 3 ). Fig. 3 shows the SQP(E) may has large error if the count rate of the sample is too high and the default counting time (1 min + 1 min) is applied. As a result, when the parameter SQP(E) is chosen to quantify quenching for high level counting, the external standard spectrum should be obtained with long enough counting time.
The long-term stability on basic performances of LSC cocktails [2]
For the application of LSC, a liquid scintillation cocktail is indispensable for absorbing the energy of particulate radioactive decay and producing light flashes, which are detected and converted into electrical pulses by the photomultiplier tube. The expiry date of a cocktail labeled on the container is usually one to three years later than the manufacture date, which is fairly short for the convenience of purchase, storage and use. It is natural that all published LSC data were obtained before the expiry date of the cocktail employed. However, it is not unusual that there are a number of expired cocktails in some laboratories. How should we deal with the expired cocktails? The answer depends on the long-term stability of them. By comparing the basic performances, i.e. background count rate, counting efficiency, quench resistance, and / discrimination, of three batches of Ultima Gold AB spanning 18 years of storage, we found that the 18-year storage has less impact on the basic performances than batch-to-batch variability in cocktail compositions, which means Ultima Gold AB has very good long-term stability. Therefore, in practice Ultima Gold AB can be used even beyond its expiry date, if it is properly stored less than 18 years. This result will bring much convenience to plan the purchase, storage and use of the cocktail. 3. New applications
The use of LSC in combination with spectrometry
The determination of emitters is very important in the nuclear fuel cycle and radioactive waste management. As mentioned in Section 1, LSC is very good to analyze gross radiations, but not suitable to distinguish mixed emitters. On the other hand, spectrometry is one of the most important and sensitive techniques for the assay of emitters, but various complicated procedures are often required for preparation of uniform thin plate source. By combining LSC with spectrometry, we proposed a new approach to determine emitters in mixed samples, the main idea of which is to obtain the activity of each emitter by multiplying the total activity of all emitters obtained from LSC and the activity percentage of each emitter obtained from spectrometry. The approach has taken advantages of high counting efficiency (nearly 100%) of LSC for radiation and high energy resolution of spectrometry, for which the simplest method (direct evaporation) is enough for plate source preparation because even non-uniform plate source is feasible for the new approach.
Simultaneous determination of 237 Np,
238-240
Pu and
241
Am in HNO 3 Solution [4] Since the total activity of all emitters in a low quenched sample can be easily determined by LSC with PSA, it is the key step to determine the activity percentage of each emitter in the sample. If there is little tailing interference in the spectra of a sample, just as shown in Fig. 4 , the activity percentage of each emitter can be obtained easily from the peak area with the known ratio of 238 Pu to 239+240 Pu determined in advance. Otherwise, an extraction separation process is recommended (Fig. 5) , which is much easier than most of other reported. The main functions of this process are: (1) to remove a large amount of salts which has great quench effect on LSC and will result in failure of source preparation; (2) Am is 100 times more than that of 237 Np. The results show that the experimental activities are in good agreement with those predicted. The subscripts "H" and "L" means "major portion" and "minor portion", respectively. Determination of nuclides in real HLLW [5] As for the determination of emitters in real HLLW, the biggest trouble is the presence of large amount of 90 Y. 90 Y is the daughter of 90 Sr, the radioactivity of which is three to four orders of magnitude higher than that of emitters. Because Y 3+ has similar extraction behavior to Am 3+ with respect to the process shown in Fig. 5 , the interference of 90 Y cannot be easily eliminated by liquid extraction. Step 1
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To deal with the interference with / discrimination from large amount of 90 Y in HLLW, we proposed two ways to decrease the radioactivity of 90 Y in a sample, i.e. delaying measurement or diluting the sample. Delaying measurement is recommended if there is enough time, because the radioactivity of 90 Y will decrease to 1/1000 after 27 days. But if an early result is requested, diluting the sample is probably meets the need, because diluting can reduce the misclassification ratio for those overloaded samples, which is similar to the highest 152 Eu and 241 Am as shown in Fig. 1 . In this case, overlap correction is often needed to remove misclassified 90 Y in -MCA (Fig. 6 ). Absolute measurement of uranium concentration in solution [6] This approach is suitable to determine uranium concentration in the solution of natural, depleted or low enriched (<5%) uranium, in which radiations are mainly come from 234 U, 235 U, and 238 U, and the tailing of the higher energy nuclide has little interference with the lower energy nuclide. In this approach, LSC is used to distinguish from radiations which come from the daughters of 235 U and 238 U; and spectrometry is used to obtain the activity percentage of each emitter in the sample. Good agreement is achieved for standard uranium solution between nominal value and that obtained by this approach. This approach is promising to be used to determine uranium concentration in environmental samples.
The use of LSC in combination with spectrometry
Besides the combination with spectrometry, LSC can also be combined with spectrometry to solve some problems.
Radioactivity determination of emitter in the absence of efficiency calibration standard [7] LSC can be easily used as absolute measurement method for low quenched samples of -particles, high-energy (E max > 200 keV) -particles or mono-energy (> 50 keV) electrons. Unfortunately, because no suitable particles can be detected by LSC or there are low-energy particles such as -particles or mono-energy electrons whose counting efficiency is much less than 100%, LSC is not suitable to be used as absolute measurement method for many nuclides. However, some of the nuclides, for example (Fig. 7) , we proposed a new approach, which combines LSC and spectrometry, to determine the radioactivities of nuclides with 200-2000 keV ray(s) in the absence of efficiency calibration standard. Fig. 7 . Coaxial HPGe detector efficiency curve with 25 mm detector-source spacing [8] In this approach, the multi-gamma-ray nuclide 152 Eu has been applied to obtain the slope of energyefficiency line. Meanwhile, the intercept of the energy-efficiency line is obtained by determining the 661.657 keV ray radiation of 137 Cs whose radioactivity is determined by LSC. With the known energyefficiency line for a fixed source-detector geometry, the radioactivities of all the nuclides which emit ray(s) with the energy (energies) between 200-2000 keV can be determined in the absence of efficiency calibration standard. The relative standard deviation of the approach is about 5.7%.
Simultaneous Am are the most frequently used radiotracers in the separation studies on trivalent minor actinides and lanthanides. In almost all those studies, the determination of 152 Eu and 241 Am has been based on measuring their radiation by using a NaI(Tl) scintillation detector and/or a germanium detector. It is well known that a germanium detector is very good for the detection of mixed emitters, because of its high energy resolution. However, it is still necessary to provide other options, especially in one of the following cases: (1) when a laboratory has no germanium detectors, but has LSC analyzer with PSA; (2) when a germanium detector is not equipped with automatic sample changer, which now is common for many laboratories; and (3) when the count rate of a sample is so low that the counting will be too timeconsuming. Y or alike, it can also be used to determine the radioactivities of all the nuclides which emit ray(s) with the energy (energies) between 200-2000 keV in the absence of efficiency calibration standard. To sum up, the expanded applications of LSC make best use of LSC's advantages and bypass its disadvantages, which lead to significant increase in production of radioactive measurement work.
